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NACA ACR No. L5C08a
NATIONAL ADVISORY COMMTITTERs FOR AERONAUTICS

ADVANCE GOMBSREASNZNS HEPORT

FLIGHT INVESTIGATION OF BOUNDARY-LAYER TRANSITION
AND PROFILE DRAG OF AW EXPERIMENTATL LOW-DRAG
WING INSTALLED ON A FIGHTER-TYPE AIRPLAWE
By John A. Zalovelk and Richard B. Skoog

SUMMARY

A boundary-laver-transition and »nrofile-drag Investi-
gation was conducted In flight by the Netlonal Advisory
Commlttee for Aeronautics on an sxperlmental low-drag wing
Installed on a P-§i7 alrplane designated the XP-l7F and
summlied by the Army Alr Forces. The win% Incorworates
airfoll sections that vary from an NaCA 66(215)-1(16.5),

a = 1.0 at the plane of symetry to an NACA 67(115)-213,
a = 0.7 at the tip. The surface of the wing as con-
structed was found to have such a degree of waviness that
1t had to be refinlshsed 1n order to obtain the parformance
generally exnected of low-drag alrfoils. Msasurements
were made at a section outside the vropeller slipstream
wlith smooth und wilth standard camouflage surfaces and on
the upper surface of a sectlon iIn ths propeller slip-
stream with the surface smoothed.

Tests were made 1n normal flight - that 1s, 1n level
flight and 1n shallow dives -~ at indlcated ulrspeeds
ranging from about 150 to 300 miles per hour and in steady
turns at 300 miles per hour with normal accelerations from
2g to Lg. These speed and acceleration limlts were
imnosed by structural considerations. The tests in normal
flight covered a range of section 11ft coefficlent from
about 0.58 to 0.15, of Reynolds number from about 9 X 106
to 18 x 106, and of Mach number from about 0.27 to 0.53.
In the tests 1In turns at 300 miles per hour, the range of
section 11ft coefficlent was extended to O.gB.

The results for the section wlth smooth surface out-
gide the sllpstream were In reasonable accord wlth the per-
formance expected of low-drag eirfolls and Indicated a
minimum profile~drag coefficient of 0.00,5, which corre-
sponded to the most rearward nosition of trensition
observed at about 50 percent of the chord on the upper
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surface. With a standard .finish, e minimum profile-drag
coefficient of 0.0063 was obtained. The results obtailned
In turns with the smooth surface showsed an increase of
about 6 to 1l percent in the profile-drag coefficient
above that obtalned In normal flight at lower Mach
numbers and corresponding 1ift coefficients; whereas,
wlth the standard finlsh, no incresase was observed.

The results on the smooth uomer surface of the wing
section in the slipstream iIndicated that, with normal
engine oparation, the most rearward position of transition
was between 20 and 25 nercent chord. The attempt to
measure thes proflle drag of the smcoth upper surface by
means of a helf-wake ctralling-edge rake was not successful
because a large lateral component of boundary-layer flow
exlsted at the tralling edge of this sectlon.

INTRODUCTION

An Investigastion of boundary-layer transition and
profile drag of an exmerimental lcw-drag wing installed
on a P-}i7 airnlane designated the XP-Li7F and supplied
by the Armv Alr Forces 1s reported herein. This wing
Incornorates airfoll sections that vary from an
NACA 66(2152-1(16.5) ‘'a = 1.0 at the plane of symmetry
to an NACA 67(115)2213, a ='0.7 at the tip and is the
type used on several current alrplane designs.

An investigatlon of the asrodynamic performuance of
the complete alrplane was not undertaken because the
surface of the wing, as constructed, was found to have
such a degree of waviness that extenslve laminar boundary
layers could not be expscted. The results of performance
tests of the complete airplane, thersfore, would have had
no narticular significance 1n evaluating the merits of
low-drag wings having surfaces that conform closely to
the requirements for extensive laminar boundary layers.
The investligation was consequently limlted to the study
of boundary-laver transition and rrofile 4drag of sections
of the wing with the surfaces In the original wavy con-
dltion and also with the surfaces refinished to reduce
the waviness to tclerable limits.

Previons flight investigations of low-drug airfolls
heve been concerned entlrely wlth the determinatlion of
boundary-layer and profile-drag characterlstics of
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sections located outside the propeller slipatream; hence,
no information is available on the characteristics of
such airfolls located in the propeller slipstream, which
fiay cover 20 percent or more of the wing area dependlng
on the type of airplane. Boundary~-layer-transition and
profile-drag tests were consequently made at two spanwlse
stations of the low-drag wing of the XP-LT7F alrplane =
one outside the propeller sllipstream and one behind the
propeller - to determine the extent to which low-drag
alrfoll characteristics may be obtalned in these two
regimes of alr flow with the surfaces of the wing care-
fully finished. Measurements on the wing sectlon in the
propeller slipstream were limited to the smoothed upper
surface because irregularities on the lower surface due
to the landing-gear cover could not be falred. Tests
were also made of the sectlon outside ths slipstream on
the production surfaces with a standard camouflage
finish.

Measurements on the sectlion behind the propeller
were made In level flight and in shallow dlves over a
range of 1indicated alrspeed from about 155 to 310 miles
per hour. Measurements on the section outside the pro-
peller slipstream were made 1In level flight and 1n
shallow dives over a range of 1ndlcated alrspeed from
about 150 to 300 miles per hour and in steady turns at
300 miles per hour with normal accelerations from 2g
to g to obtain high wing loadings. Some measurements
were made on both of these sectlons in glides with the
englne throttled. The speed and acceleration limits
obsarved 1In the tests were Iimposed by structural con-
slderations of the alrplane.

SYMBOLS
c section chord
x distance along chord from leadlng edge
8 distance along surface from leadlng edge
d deflection of curvatﬁre gage

e impact pressure in boundary layer at 0.006 inch
1 above surface

o
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. Impact pressure outside boundary layer
cy section 1ift coefficlent

Cd, section nrofile-drag coefficlent

P pressure coeffliclent
Vi correct service Indlcated alrspeed; that 1ls, the
8 correct reading of an alrspeed indlcator call-

brated 1n aecordance with Army and Navy
standards

R sectlon Reynolds number

M Mach number

Mep critlcal Mach nwnber

g acceleration of gravity

Subscript:

t transition

APPARATUS

The XP-L7F alrplane tested 13 a low-wing, single-
enzine monoolane with a Pratt & Whitney R-230G0-21 engine
and a four-blade Curtiss electric propeller (flg. 1).

It is equipved wilth a low-érag wing, the master alrfoll
sections of which are NACA 66(215)-1(16.5), a = 1.0 at
the plane of symmetry and NACA 67(115)-213, a = 0.7 at
the wingz tip. The alrplane has a gross weight of about
11,600 pounds, a wlng span of L2 feet, and a wing area of
322 square feet.

T™wo sectlons of the low-drag wing were tested - one
on the right wing located 21 inches outboard of the flap
and the other on the loft wing located 12 1nches within
the edge of the pronaeller disk (flz, 2). The right
wing section had a chord of 88.% inches and a maximum
thickness of 1.7 nercent at 45 percent of the chord.

The ordinates of the rizht winz section measured relatlve
to an arbltrary chord are given in tuble I. The left
wing section behlind the propeller had a chord of

&
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108.3 inches and & maximum thickness of 15. 8 percent at
h5 percent of the chord.
™o surface conditions of the right wing section
and one of the left wing section were tested - the
right wing section with the surfaces having smooth and
standard camouflage finishes; the upper surface of the
left,wing section with only the smooth finilsh.

The smoothed and falred surfaces were obtalned by
building up with glazing putty the base provided by the
refinishing done on the wing at the Alr Technlcal Service
Compand, Wright Fleld, and then sanding to reduce the
surface waviness. These surfaces were then sprayed with
four coats of white lacquer as a protective coating and
sanded lightly. Surface wavliness was measured by a
curvature gege (flg. 3) with legs spaced ! nsrcent of
the chord. The waviness condition of ths final smoothed
surfaces is indicated in figures L and 5 by the plot of the
waviness index d/c¢ wagalnst s/c. The values of d/c
include the curvaturs of airfoll surfaces free of
wavlinees as well as the departure of the actual surfaces
from the waviness-frese contour.

Lfter completlion of the tests of the smooth right
wing section, the palnt and glazing putty on this sectlon
were removed to the metal skin with acetone and a
standard camouflage Il1nlsh was tlen applied. he
standurd camouflage finish cons! sted of one coat of zinc
chromate primer, one coat of gray surfacer, and two
coats of olive-drab camouflage. The surface with thils
standard camouflage finish 1s herelnafter designated
"standard surface." The surface-waviness index for thils
surface condition is shown in figure 6.

Boundary-layer racka, each conslsting of a total-
pressure and a static-pressure tube, were used in
measuriné boundary~layer translition, The %tubes were

made of Z-inch brass tubing with a %3_1n°h wall thilckness.
The upstream end of the total-pressure tube was flled ard

flattened leaving an opening 0.003% Inch deep and % inch

wide and a 0.003~inch wall thiclkness. The static-pressure
tube had six orifices 0.02 inch in dlameter equally spaced

around the periphery at 1& inches downstream from the
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hemispherical end. The effectlve pressure center of

the total-pressure tube In contact with a surface was

at approximately 0.006 inch from the surface., The
total-oressure tube was connected to an NACA recording
manometer and referenced to the statlec pressure obtalned

from the statlic-pressurs tube set about E inch from the

surface to measure the lmpact nressure next to the sur-
face. The statlic pressure measured by the statlc-
pressure tubae was refersnced to frec-strcam total pressure
riving the Impact presrsure outside the boundary layer.

Wake survoys were made on the right wing sectlon by
the rake shown 1n flgure 7 mounted 1U.l percent of the
chord behind the tralling edge. The rake conslsted of
2l total-pressure tubes spaced 0.3 inch and flve static-
vpressure tubes spaced equally across the rake. The
total-pressure tubes were connected to an NACA recording
manoweter and referenced to free-stream total pressure
in order that the total-pressure l1loss at sach voint in
the wake could be obtained. The statlic pressure in the
wake was measured with the central statlc-pressure tube,
whilch was connescted to the manometer, and referenced to
the statlc pressure obtalned by means of a swlveling
statlc-pressure head nounted on a boom 1 chord ahead of
the leading edge of the right wing tip.

A half-wake tralling-edge rake (fig. 8) was used in
an attempt to measure the proflile drag of the upprer sur-
face of the left wlng section. A full-wake rake, such
as described in the nrecedlng varagraph, was not used
because surface 1lrregularitlies on the lower surface dus
to the landling-gear cover could not be falred. The
tralling-~-edge rake conslsted of 21 total-nressure tubes

spaced about — inch and three static-pressure tubes.

The total-pressure tubes were connected to an HACA
recording manometer and referenced to slipstream total
nressure as measured by the rake total-pressure tube

5 Inches gbove the surface. The sllpstream total pres-
sure was referenced to free-stream total pressure giving
ths total-pressure component due to thrust 1n the survey
plane. The statlec pressure in the wake wuas measured by

a statlc-pressure tube inch above the surface; thils

tube was connected to the manometer and referanced to
the statlc pressure measured by the swlvaling statlc-
pressure hesad.

R
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Wool tufts were used on the upper surfaces of the
right and left wing sectlons over the trailling-edge area
to determine whether any cross flow that would lnvalldate
the wake surveys exlsted 1n the boundary layer. Chalk
lines Indlcating angular deviation from the thrust axls
of 00, #100, #2200, and *30° were marked off in the
reglon of each of two tufts located 3 and L feet, respec-
tively, on each slde of .the fuselage and about 10 inches
from the tralling edge (flg. 2) to eneble the pilot to
Judge the angularity of the tufts at those points.

All pressures were recorded on NACA recording
Instruments. The positlon of the allerons during the
tests was recorded on an NACA control-position recorder.
An Indlcating accelerometer was used to indlcate normal
accelerations.

METHOD

In order to obtaln frce-stream static pressure,
correctlions determined from an ailrspeed callbration
wore rade to the statlc pressure measured by the
swivelin~ static-prescsure head mounted on a boom shead
of the rigsht wing tip. These corrections were applied
to all measurements for which reference to free-stream
static pressure was requilred.

The section 11ft coefficlent at which transition
occurred at a glven chordwlse positlon was determined
from the boundary-layer mesassurements of impact pres-
sure Qg at 0.006 inch above the surface and the 1mpact

pressure q02 outslde the boundary layer. The

q
c

retlo E_£ was plotted agalnst section 1lift coefficlent

c2
a8 determined from alrplans 1lift coefficient and theo-
retical spanwlse 1llft distributlon by the method of
reference 1. The section 1lift coefflclent corresponding
to transitlon was chosen at the elbow of the curve as

Qc

the ratlo —= suddenly Iincreased from 1its laminar level
c

to 1ts turbulent level. In the traensition measurements on

the wing sectlon in the propeller slipstream, the measured
Qc, Was corrected to slipstream conditlons by adding
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to 1t the 1ncrement of total pressure due to propeller
thrust in the survey plane.

The proflle-drag coefficients were determined by
the Integrating method of reference 2; that is, the
total-pressure loss was integrated across the wake and
then multiplied by factors depending on free-stream
impact pressure, mexlmum total-pressure loss, static
pressure In the wake, and flight Mach number. For the
wake surveys on the sectlon 1n the slipstream, the fleld
of flow was assumed to consist of free-stream static
pressure and of total pressure increased by the increment
of total pressure due to thrust of the propeller in the
survey plane.

TESTS

Transition measurements were made at 20, 30, LO,
and 148 percent of the chord on the smooth upper surface
of the right wing section and at 5, 10, 15, 20, and
25 percent on the smooth upper surface of the left wing
section. Wake surveys were made on the smooth right
wing sectlon and on the smooth upper surface of the left .
wing section. Wake surveys were also made on the right
wing sectlion with standard surfaces.

Transition tests of the smooth upper surface of
the right wing section were made in normal flight; that
is, 1n level flight and in shallow dives, when necessary
to attain the higher speeds, over an indicated-alrspeed
renge from about 180 to 300 miles per hour. Some of the
tecsts were made with power off, that 1s, with engine
throttled; others, in steady turns at an indicated
alrspeed of 300 miles per hour and normal accelerations
of 2g and Lg.

Transltion tests of the smooth upper surface of the
left wing section in the slipstream were made 1h normal
fllght over a range of Indicated airspeed from about
155 to 310 miles per hour. A few test runs were also
made with power off.

Wake surveys on the right wing section with smooth
and standard flnishes were mnade in normal flight within
a range of Indicated airspeed from about 150 to 310 miles
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per hour and in steady turns at an indicated ailrspeed of
" "about "300'miles per -hour.and normal accelerations from
2g to g. Some of the test runs on the smooth wlng sec-
tlon were made with power off.

Wake surveys on the smooth upper surface of the left
wing sectlon were made in normal fllght over an indicated-
alrspeed range from ebout 185 to 310 miles per hour. A
few test runs were made with power off,. "

PRESENTATION OF RESULTS

The results of the lnvestligation are presented in
figures Q@ to 15. The prossure distributlon over the
gmooth right wing section 1s glven in filgure 9. The
theorctical pressure distribdutlion was calculated from
the ordinstos given in table I by the method of refer-
ence 3,

Transition results obtalned on the smooth upper sur-
face of trhe right wing section are shown in flgures 10
end 11l. In fipure 10, the szctlon 11ft coefflclent chosen
as corresponding to transitlon at a riven chordwlse posl-
tion is irdlcated by an arrow at the elbow of each
Qc
E—l-curve. The Reynolds numbers corresponding to the
c2 Qe
asction 1ift coefficients of the a—l-curves are plotted
dec c2
above the a—l—curves. The varlatlon of the positlon of
c2
transitlion with sectlon 1lift coeffliclent 1s shown in
figure 11; the Reynolds numbers corresponding to the
section 1ift coefflclents are plotted above the transi-
tion curve,

The varlation of profile-drag coefficlent with sec-
tion 1ift coefficlont for the right wing sectlion with
smooth and standard flnlshes is presented for normal
flight in figure 12 and for high-speed turns 1in figure 13.

Transition results obtalned on the smooth upper sur-

face of the left wlng sectlon in the ellpstream ars pre-
sented in figures 1l and 15.
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During the tests of the right wing sectiog, 1t was
found that the right alleron trimmed up from 3 +to 1° in

normal flight and from 1° to 2° in high-speed turns.
Correctlons for these alleron deflections have been made
to the sectlion 1ift coefflclent for the right wing sec-
tion computed by the method of reference 1.

DISCUSSION OF RESULTS
Right Wing Section outslde Slipstream

Preesure dlstribution.- In flizure 9 the theoretical
prossure distributlion for the right wing sectlon 1s shown
with a few experimental polnts determined from the statlc-
prossure measurements in the boundary-layer-transition
teats. The theoretlcel pressure dilstributlon for incom-
pressible flow was computed for a section 11ift coefficlent
whlch the right wing sectlon would experlence in incom-
pressible flow if 1t retalned the angle of attack 1t had
in compresslble flow for a sectlon 1l1ft coefficient of
0.200 at a Mach nunmber of 0.4,6. The section 1ift coeffi-

clent for incompressible flow was taken as CZVE - ¥
or 0.177. The theoretical pressure dlstribution for com-
precsible flow, as determined by dlvidlng the pressures

for incompressible flow by +/1 - M or 0.887, agreed
clogely with the few experlimontal polnts obtalned.

An analysis of the theoretical pressure-distribution
characterlstlcs, computed by the method of reference 3
with use of the measured ordinates of the right wlng sec-
tion (table I), indlcates that the characteristics of this
section may be best approximated by the NACA 66,2-2(1L.7)
airfoll section. The mean camber line as determined from
the weasured ordinates of the right wing section cannot

be specified by the ususl a-designstion.

Boundary-layer transition.- Transitlon from laminar
to turbulent flow in the boundary layer as occurring on
the smooth upper surface of the right wlng sectlon and as
affected by engine operatlion and high wing loading 1s
indicated 1n figure 10. As the sectlon 11ft coeffilclent
decreased, the polnt of transltion moved progressively
rearward up to and beyond x/c = 0.48, which 1s about
7 percent forward of the calculated minlmum pressure
point. With further docrease I1n sectlon 1ift coefficlent,
the point of translitlion appeared -to move forward as 1s
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Indicated by the occurrerce Of”transition'from"laminar
to turbulent flow at x/c = 0.48 = 0.16. The
forward movement of transition 1s attri%uted to the
Increased Rewvnolds number which accomnanies increasing

alrplane speeds and decreasing section 1ift coefficlents.

It 1s posslble that, although a considerable improve-
mont was made In the surface waviness by the very careful
refinlshing of the wilng sectlon (figs. K and 6), a still
further reduction 1n waviness may have resulted in the
movement of the voint of transition at least up to the
minimum pressure point.

The transitlon results obtalned with power off -
that is, with engine throttled - Indlcate that, allowing
for exverimental error, the extent of the lamlnar
boundary layer was no greater than with normsl operation
of the englne. (Two values of %E; at a glven 1if%

c2
coefficlent (flg. 10) indlcate an mmsteady boundary-
laver conditlon In whlch the total pressure next to the
surface varied from one level to the other.) In the
high wing-loudinz conditlon, as o“tained in a stealy
turn at an Indicated alrspeed of 300 mlles per hour and
a ncrmal acceleration of 2g, transitlioa arpeared to be
as far back on the uvonrar surface ws 1n normal flight for

q
the same 11ft coefflcisnts. (The value of agl at
c2

x/c = 0.4,0 for the 2g turn is off-scale; that 1is,
e

1
E—— = 0.5.)

c2

The variation of the point of transition with section
117t coerfficlient is given In figure 11. Transition
avpearsed to reach the most rearward position at x/c = Q.50
or about 5 nercent of the chord forward of the calculated
minimum pressure polnt.

. Profile drag in normal flight.- The proflle-drag
coeffTcients obtalned In normal ight on the right wing
section with smcoth and standard surfaces are shown in
flgure 12. Because tuft surveys over the upper surface
near the trailllng edge of this section indicated no cross
flow In the boundary layer, the wake surveys are valild.
For the smooth surfuczs, the nroflile-drag coefficlent
decreased with decreasing 1ift coefflicient and increasing
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speed until & minimum of 0.0045 was obtalned at ¢; = 0,185,
R =16 x 106, and Vi = 275 mlles per hour; with a
|

further decrease in 11ft coefficlent, there was an
increase in the profile-drag coefflclent that corresponded
to the increment in profile-drag coefflclent eatimated,
according to the method of reference l;, from the noted
forward movement of ths polnt of transition., As may be
expected from the transition results, no favorable effect
on profile drag was observed cdue to alrplane operation
with powser off. With the standard surface finlsh, a
minimum profile-drag coefficient of 0.0063 was obtained

at about c; = 0.22, R = 14.7 x 106, and Vi = 250 miles
per hour. At the higher 11ft coefflcients, the profile-
drag coefficlients of the surface wlth the standard finish
tanded to approach the values obtained on the smooth
surfaces,

Profile drag at high wing loadlings.- The profile-
drag coefTIéIentggbf ﬁﬁg'fight wing section wigh smooth
and standard surface finishes, as measured in steady
turns at an indlcated alrspeed of about %00 mlles per
hour, are shown in flgure 13. Faired curves representing
the results obtainud in normal flight are included for
comparison. Tre <ompar.son of the results for the
stundard surfaces in turns and in normal flight 1s
limited to 1lift coefficlents corresvonding to 2g and

2.5g turns, because the tests in turns and in normal
flight wers conduc*2d over different ranges of 1lift
coefficient that overlanped from c¢3 = 0,32 to cl::o_uo_
At ¢y = 0.32 and ¢y = 0.3, for which a direct com-

varison was posslnle, the profile-drag coefficients for
the standard surfaces in turns and in normal flight were
about the same. At cj > 0.45, the profile-drag coeffi-
clents of the standard surfaces 1ln turns were about the
same as the profile-drag coefficlents of the smooth sur-
faces 1n normal flight.

The profile-drag coefflcients of the smooth surfaces
in turms were higher than the proflle-drag coefflclents
in normal flight throughout the range of 11ft coefficlent
teated; the lncrsase amounted to about 6 percent at
c; = 0.30 and to about 1l percent at c¢; = 0.53. The
profile-drag coefficlents for the smooth surfaces 1in
turns were lower at 1ift coefficilents less than 0.40
and greater at 1ift coefficlents greater than 0.40
than the profile-drag coefficlents of the standard
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surfaces In turns; no satisfactory explanation of this
result,-which 18 contrary to general expectatlons, has
been found. T T

In order to determine how closely the crlitical Mach
nunber of ths right wing section was approached in the
high-speed turns, the critical Mach number M;, was
estimated from vressure distributions calculated for

section 11ft coefficlients of ¢ A - M2 by the method

of reference 5, iIn which thé measured ordinates of, the
right wing ssction are used, and from the von Karman-
Tslen relation (rseference 5) between M., and static

prassure for incompressible flow., The ratios of the flight
Mach number M to the estimated critical Mach number Myn

for the varlous normal accelerations experlenced in the
tests are as follows:

Mormal I"VMGI'
acceleration For stendard Fcr smooth

(g) surfacecs surfaces

2 0.7L. 0.70

2.5 .60 .75

P .85 .81

3.5 .65 .88
.99 .91

The results obtainad in high-speed turns trerefors Ilndl-
cated that, for the range of values of W/M,, experienced
In the tests, no lncrease occurred -In-the proflle-drag
coefficlent of the stundard surfaces above that obtained

in normal flight at lower Mach numbsrs and corresponding
gection 1lift coefficlents (from 0.32 to 0.65&; whereas,

for the smooth surfaces, increases of about percent at

c; = 0.30 and about 1L percent at e¢; = 0.58 were obtained.

Left WIQg Section in Propeller Slipstream

Boundary-~layer transltlion,- The variation with
ssction 11 coefflclent ol the point of transition on
the smooth uvver surface of the left wing section 1n
the slivstream and the effect of ‘englne operatlon on
transitlion are shown in figures 1l and 15. With normal
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engline overatlion, the polnt of transition moved rearward
from x/c = 0.05 to x/¢c = 0.20 as the section 1lift
coefficlent was decreassd from about O.4); to 0.24. The
most rearward nositlion of transition for the range of
11ft coefficlent teated lay between x/c = 0.20 and

x/c = 0.25; however, 1t 1s hizhly probable that, 1f the
test with the boundary-layer rack located at x/c = 0.25
were extended to sllghtly lower 11ft coefrficlents such
as were experienced 1in the tasts for other chordwise
locations of the racks, transition mignt have occurred
at x/c = 0.25. With the engine throttled, transition
at a glven 1ift coefficlent occurred approximately u per-
cent of the chord farther rearward than with power on.

Froflle dreg.- After the wake surveys on the upper
surface o e left wing section in the slipstream were

completed, tuft surveys were mads at nositloans a, b, c,
and d. (See fig. 2.) These surveys have shown that
cross flow In the hrommdary laver exlsted and was directed
toward the fuselage with sngular deviations (in deg)

from the thrust axls as follows:

Taift
Vis ositlon a b o a
(mph)
Power on
185 28 | 20 5 10
255 20 15 5 1
310 20 15 5 10
Power off
185 18 15 5 10
255 18 12 8 10

Because of the cross flow, the waite survevs on the
upner surface of the left wing section in the slipstream
cannot be used to determline the proflle-drag coefficient
of the upper surface of thls section. If the presence
of cross flow 1s ignored, however, as 1t would be 1if
the tuft surveys were not made and there were no reason
to suspect the measurements, the evaluation of the wake
surveys by the usual methods would glve an apnarent
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. profile-drag coefficient of 0.0045 with normal engine
operation and 0,00lj0 with engine-throttled at.a section
11ft coefficient of about 0.20 and a Reynolds number of
about 19 x 10°, fThls difference in the apparent profile-
drag coefficlients -as obtalned wlith normal engine opera-
tion and with engine throttled would be expected from

the transition results, which showed a more rearward
position of transitlion with englne throttled.

In order to obtaln some 1dea of the magnlitude of
the proflle-drag coefficlent to be expected on the
upper surface of the left wing sectlon, the profile-
drag coefficlient was computed for a sectlion 1lift cosf-

ficlent of 0.20 and a Reynolds number of 19 x 100 by
ths method of reference and by using the position of
transitlon as measured on the upper surface of this
sectlon with normal englne operation. Proflle-~drag
coefflcients computed in thls manner have been found

In other investigatlons to agree rather well with
profile-drag coefficlents measured in absence of cross
flow. The results of the computations indicated a value
of nroflle-drag coefficlent of 0.0035 for the ugﬁer
surfare as compared with the apnarent value of e
measured proflle-dragz coefficient of 0.00u45 for the
urper surface. It should be mantioned that the profile-
drag ccefficlents comnuted from the observed transition
nolnts were based on slinstream dynamic pressure and
that the oroflle-drag coefflclent based on fres-stream
dynamlc preasure may be obtained by multinlylng the
comnuted proflle-drag coefficlents by the ratio of
slipstream dynamic pressure to free-stream dynamlc
pressure,

CONCLUSIONS

T™e results of the fllight Investigation of boundary-
layer trensitlon and proflle drag on the low-drag wing of
an experimental fighter-type airplane, the XP-lL7F, have
shown that:

For the speclally finished right wing 'section, which

was aesrodynamically smooth but had measurable
residual waviness, '
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1. The drag characteristics reallzed were 1n reason-
able accord with expectations for the type of section
tested.

2. The nolnt of transition on the upper surface
moved rearward with decreasing 1lift coeifliclent to about
50 percent of the chord and then moved forward agaln
with a further decrease 1n 1lift coefficlent. This
forward movement of the polnt of transition was attri-
buted to the Iincreasing Reynolds number that accompanles
decreasing 1i1ft coefflclent in flight. The sectlon 1lift
coefflclient and Reynolds numoer corresponding to transi-
tion at 50 percent of the chord were 0.18 and 15.7 x 106,
respectively.

3. The proflile-drag coefficlent decreased with
decreasing 11ft coefflcient until a minimum of 0.0045

was obtalned at .a section 1ift coefflclent of about 0.19

and & Reaynolds number of about 15.9 X 106. With further
decreass in 11ft coeilflclent, the nroflle-drag coefficlent
bezan to increase agaln by an amount corresponding to the
forward movement of transitlon on the upper surface.

li. No dilfference in the point of transition on the
upper surface or in the proflle-drag coeffilcient was
observed when the alrnlane was flown wlth normal englne
oparation and with engine throttled.

5. An increase in profile-drag coefflclent of 6 to
1l, percent, at 1ift coefficients of 0.30 to 0.58,
respectively, above that obtalned In normal flight at
lower Mach numbers and correspondling 1lift cocefficlents
was measured 1n steady turns at an indlcated airspeed
of igo mlles mer hour with normal accelerations from 2g
to .

For the standard rilgcht wing section with camouflage
paint and normal constructlion wavliness

6. A minimum proflle-drag coefficlent of 0,0063 was
obtained at a section 11ft coefflclent of 0.22 and a
Reynolds number of 1.7 X 106,

7. No 1increass in »roflile-drag coefficlent above
that cbtalned in normal flight at lower Mach numbers and

correspondling 1ift coefflclients was measured 1n steady
turns at an Indicated alrsmeed of 300 miles per hour.



NACA ACR No. I5¢08a NS 17

" Por the specially firlshed-upper -surface. of the left
wing sectlion in the propeller sllpstream

. 8. Te most rearward position of transition measured
with normal englne operation was between 20 and 25 per-
cent chord at a section 1ift coefficlent between 0.2l

end 0.18 and at a Reynolds number between 18.7 x 100

and 21.3 x 105, respectively. With the englne throttled,
the posltion of transltion was h percent of the chord
farther rearward from the leadling edge than that obtalned
with normal engine operatlion.

9. The attempt to measure the nroflle drag of the
unper surface by a half-wake tralling-edge rake was not
successful bscauss a large lateral component of boundary-
layer flow existed at the traliling edge of thls sectlon.

Langley Memorial Aercnautlical Laboruatory
Natlonal Advlisory Committee for Aeronautlcs
Langley Fleld, Va.
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TABLE I

C e

ORDINATES OF RIGHT WING SECTION OF XP-L7F ATRPLANE

[All values are given in fractions of chord. Ordinates
were measured relative to an arbltrary chord and
with inboard T.E. of alleron in line wlith T.E.
of flapi]

Ordinate

Statlon Upper Lower
surface surface

0 0 0
.0125 .0189 -.0163
.025 .02L9 -.0213
.050 .OPul -.027%
. 075 G415 -.0333
.10 .0:30 -.o;79
.15 . 0535 -.05%
.20 L0862 -.0501
.25 .0725 -.05L6
.30 .0770 -.0581
.35 . 0004 -,0605
.ﬁo .0329 -.0520
L5 .08L1 -.0529
.50 .0840 -.0629
&0 .0796 -.0500
.70 L0671 -.0506
.80 .o 62 -.0341,
.90 .0196 -.0129

1.000 0 0

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS




Figure 1.- The XP-47F airplane tested.
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Figure 2 — Sketch of XP-47F airplane showmg
location of wing test sections.
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3.~ Curvature gage used in measuring surface waviness.
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(c) Measurements 6 inches inboard of section
center line.

Figure 4.- Surface-waviness index of smooth surfaces
¢f right wing section. XP-47F airplane.
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(c) Measurements 6 inches inboard of section
center line.

Figure 5.- Surface-waviness index of smooth upper
gurface of left wing section in slipstream.
XP-47F airplane.
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Figure 6.~ Surface-waviness index along center line of
right wing section with standard surface finish.

XP-47F airplane.
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NACA LMAL 32827

Figure 7.- Rake installation for wake surveys on right
wing section. XP-47F elirplane.

NACA LMAL
32825

Figure 8.- Half-wake tralling-edge rake used for wake
survey on upper surface of left wing sectlion in pro-
peller slipstream. XP-47F alirplane.

2




NACA ACR No. L5C08a - e Fig.

Upper surface

-
“ -
e
-2 " \\
P _l\\
Lower surface
0
‘20 .2 4 .b .8 1.0

X/, NATIONAL ADVISORY
C COMMITTEE FOR AERONAUTICS

(© Experimental c¢; = 0.200, M = 0.46
—— Theoretical ¢; = 0.177, M = O
——- Theoretical ¢; = 0.200, M =~ 0.46

Figure 9.- Pressure distribution over smooth right
wing section. XP-47F airplane.
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Figure 10.- Transition as determined on smooth upper
surface of right wing section. XP-47F airplane.
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Figure 11.- Point of transition on smooth upper surface
of right wing section as function of section 1lift
coefficient. Reynolds numbers for corresponding sec-
tlon lift coefficients plo*.ed above. XP-47F alrplane.
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Figure 12.~ Profile-drag coefficient of right wing
section with smooth -and standard surface finishes,
in normal flight. XP-47F airplane.
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Figure 13.~ Profile-drag coefflclent of right wing section
with smooth and standard surface finishes in the hlgh
wing-loading condltions. XP-47F airplane,

TN NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS




Fig. 14 = "NACA ACR No. L5C08a

20x10° '
R 10
5
o :
—0@— Power on
+ Power off
3
e, 8 r | X4.= 025
$Cg /
o
3
4o ? : ] X/c=0.20
dec; .l ﬂeq —® /C ¢
o
3
qe, # }1% @ ‘L—x/ =0.15
! Cc=0.
TN °
o
3
2 o
Sa j X/£=0.10
?Cz’ O D
0
3 @
[ ] o X/e=0.05
ez .1
Op 08 .16 24 .32 .40 .48 5¢ .é4
(>
Figure 14.- Transition as determined on smooth upper

surface of left wing section in slipstream.
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Flgure 15.- Point of transition on smooth upper
surface of left wing section in slipstream as
functlion of section lift coefficient. Reynolds
numbers for corresponding section 1lift coeffi-
cients plotted above. XP-47F alrplane.
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